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In the last years, the environmental aspects have become increasingly important in 
exploration and mining. This has raised a need to develop more sustainable methods for 
ore prospecting. Furthermore, probably the most easily detected and obtained ore 
deposits are already being discovered by traditional methods and the search for new, 
economically profitable mineralizations is becoming more confrontational. The vast 
amount of existing geological data might provide answers for these challenges. Modern 
methods give new possibilities to combine, analyze and visualize large datasets. This 
may result in new ideas, which help to target the more detailed ore prospecting surveys 
in the most promising areas. 
In 2009, mining company Anglo American found a promising Ni-Cu-PGE target 
underneath Viiankiaapa mire in Sodankylä, Finland (Brownscombe et al. 2015). This 
deposit was subsequently named Sakatti. Sakatti is one of the most significant ore 
showings in Finland during the last decades, with the northeast body containing 3.40 
wt% Cu, 3.54 wt% Ni, 1.81 g/t Pt and 2.09 g/t Pd (Brownscombe et al. 2015). The 
target had remained undetected during the earlier geochemical research covering the 
area. 
The Geological Survey of Finland (GTK) has collected geological information from the 
country and made many of its extensive datasets publicly available. One of these 
datasets contains analytical results of targeting till geochemistry program. During the 
1970s and 1980s, GTK carried out several geochemical surveys on various scales. The 
targeting till geochemistry dataset consists of over 388 000 samples collected as line 
drillings and it covers most of Finnish Lapland. It is a good example of an extensive 
dataset that has not been widely used. The targeting till geochemistry data also contains 
information concerning the Viiankiaapa area. This leads to a question whether the 
Sakatti target could have been discovered from the dataset. If indications of the ore can 
be detected afterwards, it might also give useful insight of how the existing targeting till 







1.1 Previous geochemical research in Viiankiaapa 
The original targeting till geochemistry report from the Sakatti area was published by 
GTK in 1983. In the report, anomalously high nickel, chromium and cobalt 
concentrations in till were in most cases considered to be related to high magnesium 
concentrations of ultramafic rocks, which are widely present in the area (Pulkkinen 
1983). However, it was noted that because the material eroded from the ultramafic rocks 
causes certain element concentrations to be high over wide areas, geochemical 
anomalies caused by single mineralizations might be concealed (Pulkkinen 1983).  This 
is a likely explanation of why the Sakatti showing was not detected, as Sakatti Ni-Cu 
bodies have turned out to be generally tubular in shape and they outcrop the surface 
only within restricted area (Brownscombe et al. 2015). The Sakatti target is also 
overlain by a thick package of sediments, which has made the recognition of the deposit 
more difficult, as the light sampling methods of the targeting till geochemistry survey 
limited the sampling depth. Anglo American used heavy machinery for detailed base of 
till (BOT) geochemical surveys from the bedrock contact (Brownscombe et al. 2015). 
 
Aarnisalo (1990) examined the till geochemistry data from map sheets 27 and 37 using 
statistical methods and image processing. An overall trend caused by silicate minerals 
was discovered and removed, which improved the usability of the data for ore 
prospecting. The results indicated that the most promising nickel anomalies were 
accompanied with high chromium and cobalt concentrations. The research gave new 
information for detecting nickel and copper mineralizations and resulted in finding new 
potential targets, such as the Sattasvaara-Kersilö area west from Viiankiaapa. Even 
though chromium anomalies were detected in Viiankiaapa area, the Sakatti 
mineralization was not recognized. This is likely to be caused by the large scale and 
coarse methods used by the study compared to the small outcrops of Sakatti ore. 
 
The Geological Survey of Finland has been involved in several projects that evaluate 
how the existing geological data could be utilized (Sarala et al. 2009). Nykänen et al. 
(2015) used receiver operation characteristics to examine the magmatic Ni-Cu 
prospectivity in the Central Lapland Greenstone Belt. They used datasets from the 
extensive mapping programs of GTK and combined aerogeophysical and ground 




as a highly promising target for finding Ni-Cu ore. This emphasizes the fact that re-
examining the existing geological data with modern methods may lead to promising 
results. 
 
1.2 The aim of this study 
The aim of this study is to re-examine the targeting till geochemistry dataset from the 
Viiankiaapa area using up-to-date methods and existing knowledge of the discovery to 
find out whether old data contains any valuable indications of the Ni-Cu mineralization. 
This might give more insight into how the existing geochemical datasets could be used 
in ore prospection. As palladium or platinum has not been analyzed in the targeting till 
geochemistry dataset, the PGE content of the deposit is not included in this study. 
 
There are several advantages compared to the previous research on the area. Nowadays 
the magnitude and location of the Ni-Cu mineralization is known (Brownscombe et al. 
2015), which gives an interesting point of view for the study.  In the past the tools for 
analysing the large geochemical exploration data have been limited. With the help of 
GIS (geographic information system) and statistical software packages the data can now 
be handled conveniently and with more advanced methods. Previous studies with 
similar aim have shown the importance of understanding the till stratigraphy for 
detecting geochemical anomalies (e.g. Hirvas et al. 1994). While stratigraphical 
information has not been recorded in the original data, the study benefits from recent 
stratigraphical interpretations of the area collected in a separate study (Åberg et al. 
2016). 
 
The study aims to answer following questions: 
1) Could the Sakatti target have been found from the targeting till geochemistry data? 
2) What computational methods are most useful for handling the geochemical data for 
ore prospecting purposes? 
3) How could the existing geochemical data from the targeting till geochemistry 





The hypothesis for this study is that the ore deposit can be found using the targeting till 
geochemistry data, if 
 1) the targeting till geochemistry data is combined with other datasets in order to 
overcome its limitations and  
2) study scale and methods are determined so that small geochemical anomalies are not 
lost in generalizations made in large-scale studies 
 
2. GEOLOGICAL SETTING 
 
The study area is located in Sodankylä, Finland. It is circa 15 x 10 kilometers in area, 
extending over Viiankiaapa mire and its surroundings. The area is located at about 190 
meters above sea level, with the highest parts rising 230—280 meters above sea level. 
The Sakatti Ni-Cu-PGE target is located in the western part of the study area, on the 
eastern floodplains of River Kitinen. There are three spatially distinct ore bodies in 
Sakatti (Brownscombe et al. 2015). The main body has a tubular shape and is associated 




The study area is located within the Central Lapland Greenstone Belt (CLGB), which 
consists of Paleoproterozoic volcanic and sediment rocks that have formed on top of 
Archean granite gneiss (Räsänen 2008). The CLGB can be divided into lithologically 
distinct parts with their regional informal names; Sakatti is located in the Sodankylä 
greenstone area (Räsänen 2008). Ultramafic rocks are abundant in the study area and its 
surroundings. The northern side of the study area is bordered by fyllites and black 
schists of Matarakoski formation, which belongs to Savukoski Group. On the south, the 
quartzites of Sodankylä Group border the area. (Lehtonen et al. 1998, Brownscombe et 
al. 2015). The U-Pb/Zr ages for these formations range from 2.1 to 2.2 Ga (Lehtonen et 
al. 1998). As the observed units in Sakatti do not completely correspond to any 
stratigraphic unit of the CLGB, the exact stratigraphic level of the ore deposit is 





2.2 The Sakatti Ni-Cu-PGE deposit 
 
 The Sakatti Ni-Cu-PGE ore is hosted by ultramafic olivine cumulate (Brownscombe et 
al. 2015). It is yet to be conclusively classified as komatiite or picrite, as the 
characteristic spinifex texture of komatiites have not been found from enough samples 
(Brownscombe et al. 2015, Konnunaho 2016). However, this classification may be 
possible in the future as further research is conducted in the area. The komatiites of 
Central Lapland are younger than most komatiites in Precambrian terranes, which tend 
to be of Archean origin (Hanski et al. 2001). Two stratigraphic horizons, formed 
approximately 400 million years apart, have been observed in these Proterozoic 
komatiites (Lehtonen et al. 1998). The younger komatiites, found from Savukoski and 
Sodankylä Groups, occur together with picritic metavolcanic rocks (Hanski et al. 2001). 
 
The Sakatti deposit can be divided into different units (Brownscombe et al. 2015). 
Serpentinized peridotite unit forms most of the main ore body. Subunits of the peridotite 
bodies include altered ultramafic unit and dunite unit. Altered ultramafic rocks occur in 
the direct contact between peridotite and overlying breccia. Dunite differs from the 
peridotite unit by lack of serpentinization. Aphanitic unit is classified as plagioclase-
rich picrite, though its conclusive classification has proved to be problematic 
(Brownscombe et al. 2015). 
 
2.3 Quaternary geology 
 
During the Pleistocene glaciations, Sakatti has been located in the ice divide area (e.g. 
Pulkkinen 1983, Johansson 1995, Johansson et al. 2011). During the Early Weichselian, 
there have been ice-free intervals (Sarala et al. 2015), but during the Middle and Late 
Weichselian the area has possibly remained glaciated (Johansson 1995). In central 
accumulation areas, where the ice divide forms, both the velocity of glacial flow and the 
duration of glacial erosion are low compared to the ablation areas near the ice margins 
(e.g. Johansson et al. 2011). Due to the weakness of the glacial erosion, extensive layers 
of preglacial saprolite have preserved underneath the ice divide area (Pulkkinen 1983, 
Islam et al. 2002). The layers form a 150 km wide zone that extends over Central 
Lapland in northwest-southeast direction (Hirvas et al. 1977). In following chapters, the 





According to Hirvas (1977), the till units in northern Finland can be divided into beds 
that represent different glacier flow stages. Till beds I to III have formed during 
Weichselian glaciation, while till beds that represent Saale or older glaciations are 
usually referred as old tills and are found only in places where glacial erosion has been 
exceptionally weak (Hirvas 1991). This classification has later been challenged by e.g. 
Lunkka et al. (2015), but the concept of lower (III) and upper (II) till beds can be used 
as a working concept in Sodankylä area (Hirvas et al. 1994). Flow stage III, which 
represents the earlier Weichselian glaciation, is considered the most important stage for 
the till transport in Central Lapland. The ice divide was located near Saariselkä and the 
glacial flow in Central Lapland was on its strongest (Hirvas 1991). As a result, till bed 
III is often several meters thick. The ice flow direction in Sakatti area during the last 
glaciation was from 290° to 310° (Pulkkinen 1983). 
 
Determining ice flow directions in ice divide areas is generally problematic, as the flow 
directions show significant local variations. The flow directions during the last 
Weichselian deglaciation show particularly complex pattern, as the ice margin receded 
to the ice divide (Johansson 1995). Till beds II and I have formed during deglaciation, 
with till bed I being found only locally (Hirvas 1991). Thus, till bed II is often observed 
as the uppermost till unit. The general glacial flow direction of the deglaciation in 
Sodankylä area has been from the southwest (Hirvas et al. 1977, Hirvas et al. 1994). 
The variations in flow directions are highlighted in stratigraphical studies from Central 
Lapland, where the observed ice flow directions from adjacent test pits located 1—2 km 
apart may show 90° difference (Hirvas et al. 1977, Hirvas 1991). 
 
During the early stages of the Weichselian deglaciation, Viiankiaapa area was part of 
the ice-dammed Moskujärvi Ice Lake (Lappalainen 2004, Johansson & Kujansuu 2005). 
Indications of this can also be seen from the targeting till geochemistry dataset, as the 
till layers are often overlain by sorted material. After the ice margin retreated from the 
Kitinen river valley, Ancylus lake reached the area. Its highest shoreline in the 
Viiankiaapa area is 186 meters above sea level (Johansson & Kujansuu 2005). 
Subsequent lowering of the Ancylus lake level lead into the formation of the 





The hydrology of Viiankiaapa has been significantly affected by preglacial river basins 
and glaciofluvial channels (Lappalainen 2004). There are extramarginal, gravel-
dominated formations on the floodplains of River Kitinen (Räisänen 2014). The 
sediment thickness in Viiankiaapa area is generally 5—7 meters, except for the western 
parts, where the sediment layers are 10—14 meters thick  (Åberg et al. 2016). The 




3.1 Targeting till geochemistry 
 
The main dataset for this study is the targeting till geochemistry dataset collected by 
GTK. It consists of 1867 samples from the Viiankiaapa area (Figure 1). The sampling 
lines were placed 1—1.5 km apart from each other and along each line, a sample was 
collected every 100 meters (Äyräs 1977).  The lines were oriented transverse to the ice 
flow direction, which is useful for capturing the geochemical anomalies (McMartin & 
McClenaghan 2001). The lines also intersected lithological contacts (Pulkkinen 1983). 
There are also 161 observation points where a depth profile has been obtained by taking 
samples from regular intervals. The used sampling methods are light, which has limited 
both sampling depth and sample size (300–500 grams). The samples have been 
collected with a portable Cobra percussion drill except for the western side of River 
Kitinen, where an auger drilling machinery was applied. 
 
Most samples in Viiankiaapa are collected from till, but there are also samples from 
weathered bedrock, sand and gravel (Table 1). For the purpose of this study, till and 
weathered bedrock samples are the most interesting. The samples are collected from the 
C-horizon, where the minerals have not been modified by prominent secondary 
processes and thus more closely reflect the composition of their bedrock origin 





Figure 1. Samples of the targeting till geochemistry program in Viiankiaapa. The study area is circa 15 x 10 
km. 
 
Table 1. Sample materials. 
Till 1203 Gravel 66 
Weathered bedrock 245 Unknown 67 
Sand 286   
  Total 1867 
 
Each sample contains information of element concentrations and sample medium. The 
samples were prepared by drying them in temperature of 70ºC, after which they were 
sieved and the fine fraction (< 0.06 mm) was analyzed using an ARL 31000 emission 
quantometer. There are 17 weathered bedrock samples where a pulverized subsample (> 
2 mm fraction) has also been analyzed to see how weathering has affected the 
geochemical composition of the material. The elements used in this study are Fe, Mg, 





3.2 Whole-rock geochemistry of the Sakatti deposit 
 
The whole-rock geochemistry results for 18 samples representing the major units of 
Sakatti deposit have been used in this study. This data is published by Brownscombe et 
al. (2015). There are 11 samples from the peridotite unit, which forms most of the main 
body.  The data also includes samples from the subunits of peridotite unit, with 3 
samples from altered ultramafic unit and 2 samples from dunite. There are 2 samples 
from the aphanitic unit. 
 
The geochemical data from Sakatti deposit includes more elements than the targeting 
till geochemistry data. Only those elements that have also been analyzed in the targeting 
till geochemistry were chosen for the analyses. Thus, the results for FeO, MgO, CaO, 
Na2O, K2O, TiO2, V, Cr, MnO, Co, Ni, Cu and Zn were used. The whole-rock 
geochemistry results did not contain concentrations of Pb. 
 
3.3 Observations on the used datasets 
 
One of the greatest problems with the targeting till geochemistry data is that it does not 
contain information about sediment stratigraphy. Previous studies have pointed out that 
with till geochemical surveys, knowledge of the stratigraphical levels is essential for 
successful ore prospecting (e.g. Hirvas et al. 1994, Nenonen 2005). Without information 
on the stratigraphical setting, tracing the origin of geochemical anomalies is problematic 
(Nenonen 2005). Hirvas et al. (1994) conducted detailed till geochemical research in 
Kevitsa, north of Sodankylä, and came to the conclusion that the targeting till 
geochemistry data by GTK cannot be used for detailed ore prospecting due to missing 
stratigraphical information. In this study, this problem can be at least partly overcome 
by using recent stratigraphical interpretations of the Viiankiaapa area by Åberg et al. 
(2016). However, the observed stratigraphical levels are estimations and cannot be 
determined accurately for individual samples in the dataset. 
 
Previous geochemical research from Lapland has highlighted the importance of 
handling the weathered bedrock samples as their own subset, as their expose to 




Islam et al. 2002). Islam et al. (2002) noticed that the preglacial saprolite layers have 
enriched in Al, K, Fe and Ti and depleted in Si, Mg, Ca and Na. Their results also 
suggest that weathering process has resulted in Ni- and Cr-enrichment of certain layers. 
For these reasons, the weathered bedrock samples in this study are used as a separate 
subset and their results are carefully compared to the results from till to detect false 
anomalies. 
 
3.4 Behavior of Ni and Cu in soil 
 
Sulphide minerals are prone to weathering (e.g. Hirvas et al. 1994). As the mineralized 
material decomposes, nickel and copper are released to the matrix. They tend to form 
organic complexes and can also become fixed in clay minerals and hydroxides (Shilts 
1977, Heikkinen 2000). The mobility of nickel and copper is affected by soil pH. In 
alkaline conditions, copper is almost immobile and nickel has low mobility, but 
decreasing pH makes them more mobile (Koljonen 1992, Heikkinen 2000). Both nickel 
and copper are most mobile in oxidizing conditions with pH < 4 (Heikkinen 2000). 
 
In till, the clay-size fraction has the highest capacity to adsorb cations such as heavy 
metals (Shilts 1977, McMartin & McClenaghan 2001). The targeting till geochemistry 
dataset contains 17 weathered bedrock samples for which both < 0.06 mm fine fraction 
and pulverized subsample (from the > 2 mm fraction) has been analyzed. The aim has 
been to compare how weathering has affected the geochemical composition of the 
material (Hirvas et al. 1977). All the samples show higher metal concentrations in the 
fine fraction compared to the pulverized aliquot. 
 
Another reason for the enrichment of metals in the fine fraction is that as the eroded 
material is transported, it gets abraded and gradually breaks into smaller fraction 
(McMartin & McClenaghan 2001). As the proportion of coarse fraction decreases, the 
amount of heavy metals in it is also reduced. In general, fine fraction is the most 










The data was examined and analyzed using Excel 2013, SPSS 22 and ArcMap 10.1 
softwares. The algorithms for self-organizing maps were written using SOM Toolbox 
for MATLAB. SPSS 22 was the main software for statistical analyses and graphs. 
ArcMap 10.1 provided tools for visualizing the data as maps. 
 
The need for dividing geochemical data into subpopulations by their sediment type has 
been widely acknowledged (e.g. Levson 2001, Nenonen 2005). Physical characteristics 
of different sediments vary significantly and metal concentrations tend to be higher in 
clay fraction (< 0.06 mm) compared to coarser fractions (Heikkinen 2000, Levson 
2001). This may result in the dilution of the geochemical anomalies, if all data is 
analyzed together (Levson 2001, Nenonen 2005). With modern software, large datasets 
can efficiently be divided into groups that are analyzed simultaneously. All the analyses 
in this study are made for both the whole dataset and for subsets divided by sample 
media. By handling till, weathered bedrock, sand and gravel separately, the geochemical 
anomalies can be observed more closely. The targeting till geochemistry dataset also 
contains several samples for which the sample medium is not defined. These samples 
form the fifth group that is likely to consist of several sample media and thus cannot be 
interpreted by itself. 
 
The whole rock geochemistry data from Sakatti deposit gave new point of view for the 
analyses, as the results from targeting till geochemistry data could be compared with the 
known composition of the ore. All analyses were first done only for the targeting till 
geochemistry dataset and then for a combined dataset of targeting till geochemistry and 
the Sakatti data. 
 
4.1 Univariate methods 
 
Prior to starting the analyses, the dataset was examined and the few negative 
concentrations that were likely to be measuring errors were removed. One-variable 
statistics were used to obtain mean, median, standard deviation, mode and minimum 





The use of correlations and multivariate methods is affected by data distribution, as 
many statistical methods require the data to be normally distributed. Thus, the element 
concentration distributions were tested for normality by using histograms and 
probability-probability plots. The data showed positive skewness especially in till and 
weathered bedrock. The element concentrations were then tested for lognormality using 
the same methods and the results showed that the data was close to lognormal 
distribution. 
 
4.2 Spearman’s rank order correlation 
 
As the normality tests had shown that the data was not normally distributed, the 
correlations were done using Spearman’s rank order correlation. Pearson’s product-
moment correlation expects the data be at least close to normal distribution and may 
otherwise result in distorted results (e.g. Kowalski 1972). Spearman’s rank order 
correlation does not require linear relationship between variables and can be used for 
skewed data (Hauke & Kossowski 2011). Essentially, Spearman’s correlation is a 
variation of Pearson’s. Their difference is that while Pearson’s correlation coefficients 
are calculated directly from the data, in Spearman’s method the variables are first 
ranked and the calculations are then done for the ranks, not for the original data (e.g. 
Hauke & Kossowski 2011). 
 
4.3 Principal component analysis 
 
Principal component analysis (PCA) simplifies large datasets into a smaller number of 
components that explain the variations of data. It can be used to identify underlying 
factors that explain the correlation between variables. (e.g. Hair 2009) Variables 
belonging to same component show strong correlation with each other and do not 
correlate with variables from other components. 
 
In this study, Spearman’s correlation coefficients had already pointed out that the 
elements in the targeting till geochemistry data correlate with each other. PCA provided 
a tool for a more detailed grouping of correlating elements. The aim was to find those 




be saved as factor loadings for each sample, showing how much of the geochemical 
characteristics of that sample can be explained with each component. The factor 
loadings were calculated using regression method and saved as new variables to be used 
in further examination of the data. 
 
4.4 K-means clustering 
 
Cluster analysis was another tool for grouping together elements that could indicate 
mineralization. There exist several different algorithms for clustering. Hierarchical 
clustering is one of the most often used clustering methods, but it is not useful for 
datasets with more than a few hundred samples. As hierarchical clustering needs 
distance or similarity matrix for all pairs of cases in a dataset, it becomes extremely 
heavy with large datasets (Norušis 2012). In addition, the results with too many cases 
are often ambiguous. As the dataset in this study contains nearly 2 000 samples, K-
means clustering was a more reasonable method. K-means clustering requires 
predefined number of clusters, which can be determined with number of approaches. In 
this case, hierarchical clustering was used as an orientation step. Even though it could 
not give conclusive results, it still provided general idea for the optimal number of 
clusters. K-means clustering could then be done multiple times with different number of 
clusters so that the results could be compared and the most optimal number of k 
determined. 
 
4.5 Element ratios 
 
Element ratios were used to define the characteristic geochemical fingerprint of the ore.  
This could be used for a more advanced classification of the geochemical anomalies. 
While principal component analysis and k-means clustering could point out ultramafic 
rocks, their results would not necessarily sort out the samples linked to mineralization. 
Another advantage in using element ratios is that they help to highlight those samples 
that have become diluted and do not necessarily have significantly high metal 
concentrations, but still show element ratios similar to the ore (e.g. Brand 1999). 
Anomalous concentrations of nickel and copper can easily be concealed by the 




In cases like Sakatti, the use of element ratios may help to distinguish mineralizations 
from the surrounding rocks. 
 
Sulphide ores are often problematic to detect from till, as their sulphur oxidizes to 
sulphates, which are highly soluble (Hirvas et al. 1994). Ni:Cu ratio is often used as an 
indicator for sulphides, as copper is a calcophile element and is thought to represent the 
presence of sulphides (Hirvas et al. 1994). The element ratios used in this study are 
Ni:Cu, Ni:Co, Ni:Cr and [(Ni:Cr) x (Cu:Zn)], also known as ‘the Kambalda ratio’ 
(Brand 1999). The [(Ni:Cr) x (Cu:Zn)] element ratio has proved out to be especially 
useful in channellized komatiitic environments (Brand 1999). The formula takes into 
account that mineralized komatiites that host nickel sulphides tend to have high Ni:Cr 
ratio compared to barren komatiites. This is combined with the observation that nickel 
sulphides generally contain more copper than zinc. Thus, the formula enhances the 
contrast between mineralization and background lithology. 
 
4.6 Self-organizing map (SOM) 
 
Self-organizing map (SOM) is an implementation of artificial neural network. It forms 
low-dimensional images of high-dimensional data distributions by clustering data and 
ordering the clusters (Kohonen 2014). The method was developed by Professor Teuvo 
Kohonen and is also known as Kohonen map. It can handle large amounts of data and 
find underlying dependencies between different variables. 
 
Self-organizing map is trained using unsupervised learning. With different parameters, 
the algorithm can be trained to find different kinds of dependencies. This is both a 
problem and possibility of the method – the choice of parameters may help to get the 
desired results, but it can also lead other dependencies to be concealed. In this study, the 
aim of using SOM algorithm was to find out the samples, which are most likely to be 
linked to the mineralization. This was done with the help of results from previous 
analyses and the known characteristics of the Sakatti deposit. The results from principal 
component analysis were combined with the knowledge of the geochemical fingerprint 
of the Sakatti ore to train the algorithm. By training the algorithm to detect the 









5.1 Univariate methods 
 
The univariate results for all elements are shown in Appendix I. The mean nickel 
concentration in all sample media is 305 ppm and the highest measured concentration is 
2790 ppm Ni (Table 2). The maximum concentration is over 9 standard deviations from 
the mean value. For copper, the difference is even larger. The mean concentration of 
copper in all sample media is 121 ppm and the largest concentration is 4170 ppm Cu, 
which is over 20 standard deviations from mean value. Closer examination of the data 
reveals that the highest Ni and Cu concentrations are found from till and weathered 
bedrock, while concentrations in sand and gravel are generally lower. There are a few 
weathered bedrock samples for which both the < 0.06 mm fraction and pulverized 
subsample have been analyzed. In all cases, the measured nickel and copper 
concentrations are higher in the fine fraction subsample. 
 
Normality tests showed that titanium and vanadium were the only elements that were 
close to normal distribution in all sample media. Nickel and copper were positively 
skewed in till and weathered bedrock but close to normal distribution in sand and gravel 
(Figure 2). In general, all analyzed elements were closer to normal distribution in sand 
and gravel compared to till and weathered bedrock. All the elements with strong 













Table 2. Ni and Cu concentrations (ppm) in different sample media. WB stands for weathered bedrock. 
  Ni   Cu 
 All 
media 
Till WB Sand Gravel  All 
media 
Till WB Sand Gravel 
Mean 305 317 351 239 250  121 113 196 101 92 
Median 244 265 137 220 225  95 95 74 99 89 
Std. dev. 259 201 534 98 149  199 128 462 41 28 
Min 0* 3 0* 59 47  0* 1 0* 29 37 
Max. 2790 2340 2790 922 813  4170 2580 4170 490 169 











The results from Spearman’s rank order correlation (Table 3) revealed that nickel 
correlates statistically significantly (p < 0.05) with magnesium, chromium and cobalt 
(correlation coefficients 0.57, 0.70 and 0.70 respectively). Copper shows moderate 
correlation with cobalt (rs=0.46), vanadium (rs=0.40) and nickel (rs=0.33). Magnesium 
and iron both show weak, but statistically significant (p < 0.05) negative correlation 
with sodium, potassium, titanium and vanadium. For the other elements, there are 
certain pairs showing strong correlation. One of these pairs is titanium and vanadium 
with a correlation coefficient of 0.74. Iron and manganese have correlation coefficient 
of 0.51. 
 
The correlation results suggested that multivariate methods could be used to group the 
elements. Certain element associations were already indicated by the correlation results. 
One of these associations was nickel, magnesium, chromium and cobalt, which had 
strong correlation between elements. As all elements showed at least moderate 













5.3 Principal component analysis 
 
5.3.1 Data preparation 
 
The initial tests of principal component analysis revealed that the non-normality of the 
data lead to unreliable results (Hair 2009). As the normality tests had shown that all the 
elements except for titanium were close to lognormal distribution, a data transformation 
could improve the results. The data could be transformed to close normal distribution by 
taking a base 10 logarithm of the lognormally distributed elements and saving the 
values into new variables. To make different element concentrations comparable, all 
values were standardized prior to the principal component analysis. 
 
5.3.2 Results of PCA analysis 
 
The results of principal component analysis were obtained using varimax rotation to 
improve the variance of components (Hair 2009). Factor loadings for each sample were 
calculated using regression method, which resulted in standardized scores (DiStefano et 
al. 2009).  Principal component analysis was run twice, both with and without the data 
from Sakatti deposit. These results were then compared to find out whether the samples 
from the ore could be linked with the most Ni- and Cu-rich samples of the targeting till 
geochemistry data. 
 
As the Sakatti dataset did not contain Pb concentrations, Pb was left out from the actual 
principal component analysis. To find out what component Pb would have associated 
with, an additional PCA round was performed for the targeting till geochemistry data 
including Pb. Interestingly, Pb did not conclusively belong to any component, even 
though results from Spearman’s rank order correlation had shown moderate correlation 
between Pb and Ti, V and Mn. 
 
The analyses showed similar results both with and without the Sakatti deposit data. The 
samples from Sakatti deposit were grouped together with the most promising samples 
from targeting till geochemistry data. This suggested that the results that included both 
datasets would be more beneficial for closer examination. Principal component analysis 




(Table 4). They explain 73 % of the variability of the element concentrations, with 
component 1 explaining over 30 % of the variability. In following chapters, the 
components will be referred as PCA 1—4. 
 
Table 4. Communality of values for the PCA (principal component analysis) factors. 
 
 Eigenvalue % total variance Cumulative % 
PCA 1 3.94 30.29 30.29 
PCA 2 2.40 18.48 48.76 
PCA 3 1.79 13.80 62.56 
PCA 4 1.31 10.11 72.67 
 
The rotated component matrix for PCA 1—4 is shown in Table 5. PCA 1 is the most 
interesting for the purpose of this study, as it has high content of Ni, Mg, Cr and Co, 
which are typical for ultramafic rocks (e.g. Konnunaho 2016). All the samples from 
Sakatti deposit data have high factor loadings for PCA 1, with the most Ni-rich samples 
from targeting till geochemistry data showing similar values. Interestingly, PCA 1 also 
shows low value for iron (-0.031) compared to magnesium (0.748). This suggests that 
the ultramafic rocks are rich in magnesium and do not contain significant amounts of 
iron. 
 
PCA 2 reflects felsic rocks. It has high content of Ti, V, Na and K, which are common 
in felsic minerals (e.g. Heikkinen 2000). It also contains elevated concentrations of 
calcium. PCA 2 has low Mg, Fe, Cr and Ni content, which indicate the absence of mafic 
minerals. PCA 3 reflects organic material. It has high loadings for Fe, Zn and Mn, 
which tend to form organic complexes (e.g. Heikkinen 2000). PCA 4 has high Cu 
content. While Cu also shows moderate correlation with Co, cobalt is more often linked 










Table 5. The matrix of the principal components. The factors are varimax-rotated and standardized. 
 
 
 PCA 1 PCA 2 PCA 3 PCA 4 
Ni 0.929 -0.025 -0.054 0.059 
Mg 0.748 -0.333 0.326 -0.137 
Cr 0.809 -0.188 -0.138 -0.051 
Co 0.797 0.016 0.099 0.340 
Cu 0.180 0.232 0.117 0.797 
Ti -0.091 0.856 -0.086 0.043 
V 0.052 0.804 -0.030 0.292 
Ca 0.354 0.523 0.373 -0.514 
Na -0.280 0.818 -0.012 -0.203 
K -0.413 0.633 -0.153 0.175 
Fe -0.031 -0.310 0.743 0.346 
Zn -0.073 0.072 0.706 0.027 
Mn 0.141 -0.063 0.745 -0.124 
 
 
One of the most promising observations from the principal component analysis is that 
the samples from the Sakatti deposit were grouped together with certain samples from 
the targeting till geochemistry dataset. All these samples show elevated concentrations 
of nickel, magnesium, cobalt and chromium. Factor loadings > 0 indicate that the 
element concentrations of that component are above average of the data. Samples from 
the Sakatti deposit have PCA 1 factor loadings of 3–5, while the PCA 1 factor loadings 
for the most promising targeting till geochemistry samples range between 2—4 (Figure 
3). 
 
The lowest PCA 1 factor loadings in till are observed in the eastern parts of the study 
area and in the western floodplains of River Kitinen. The highest loadings are found 
southeast from the Sakatti target. In this area, the highest values are observed in the 
depth of 7.5—9 meters. There are also high PCA 1 factor loadings in the north. They 
occur in shallower depths of 3.5—6 meters. Most of the till samples with PCA factor 






Figure 3. PCA 1 factor loadings for till. 
 
 
5.4 Cluster analysis 
 
5.4.1 Data preparation 
 
Initial tests of k-means clustering showed that the data needed to be log-transformed 
and standardized in order to get more reliable results (Hair 2009, Norušis 2012). The 
use of non-normally distributed data resulted in the smallest clusters containing only 2 
samples and one cluster consisting of all 14 elements. The use of log-transformed and 
standardized data enhanced the results to a certain point, but another problem was still 
persisting. K-means clustering is extremely sensitive to outliers. If a dataset contains 
outlier values, the clusters are likely to be formed around them, which results in 
extremely small clusters. (e.g. Norušis 2012) The effective use of k-means clustering 




However, in this case the outlier values were the most interesting, as they were the 
samples with anomalously high nickel and copper content. 
 
Several approaches were tried to determine how the problem could be overcome. The 
most successful approach was to remove the outlier values and run k-means clustering 
with the trimmed data. The cluster centers obtained from this data were saved into a 
file. The analysis was then redone for all data, outliers included, but this time the 
predefined cluster centers were read from a file. This helped to define more even-sized 
clusters. The used method resulted in those samples with extremely high nickel or 
copper concentrations having long Euclidean distance from the cluster center. 
 
The trial-and-error clustering tests resulted in an idea of using the k-means clustering in 
two different manners. In the end, the k-means clustering was done twice. First, it was 
done for the targeting till geochemistry dataset with predefined cluster centers to find 
out which samples represent ultramafic rocks. As the cluster centers were defined from 
data where outliers had been removed, these results gave relatively balanced 
representation of all the sample media. Second run of k-means clustering was done for 
all the data, including Sakatti deposit data and outlier values. This analysis resulted in 
small cluster forming around the outliers, but it also helped to highlight the anomalously 
high nickel and copper values from the barren ultramafic bedrock. 
 
5.4.2 Classification of the sample media 
 
To classify the sample media from targeting till geochemistry dataset, the cluster 
centers were determined for data where the outlier values had been removed. Data from 
Sakatti deposit was left out from this analysis, as it consisted solely of samples with 
anomalous geochemical composition. Hierarchical clustering was used to determine 
optimal number of clusters. As it suggested that the use of 3—5 clusters would give best 
results, k-means clustering was done consecutively with different number of clusters 
and the results were compared. 
 
Using four clusters gave the most rational results, with almost every element belonging 
clearly to only one cluster and the cluster size being somewhat even. Examination of the 




element in the formation of the clusters. The results for K-means clustering with four 
clusters are displayed in Table 6. Clusters 1, 3 and 4 are similar in size, as they all 
contain circa 300 samples. In the dataset, there were 100 samples for which the cluster 
could not be defined due to missing values. 
 
Table 6. Results of K-means clustering. 
 Name N Elements with high concentration 
Cluster 1 Ultramafic rocks 280 Ni, Mg, Cr, Co, Pb, (Cu) 
Cluster 2 Felsic rocks 889 Na, Ti, K, V 
Cluster 3 Organic material 275 Fe, Zn, Ca, Mn 
Cluster 4 Fe-Mn precipitates 323 Fe, (Mn) 
 
Cluster 1 has high concentrations of Ni, Mg, Cr, Co and Pb and is likely to reflect 
ultramafic rocks (Figure 4). The mean concentration of Ni was 697 ppm, whereas for 
the other clusters it was circa 180—270 ppm. Cluster 1 also shows moderately elevated 
concentrations of Cu, although singular Cu-rich samples are found from every cluster. 
Copper is the only element that does not conclusively fit into any of the clusters. Cluster 
2 indicates felsic bedrock, as it contains high concentrations of Na, Ti, K and V. It is 
also the largest cluster with 889 samples. 
 
Both Cluster 3 and Cluster 4 contain elevated concentrations of Fe and Mn, but Cluster 
3 also has high Zn and Ca content. They are likely to reflect organic material and 
presence of Fe-Mn -oxides. The mean and median values of Mn are lower in Cluster 4 
compared to Cluster 3, but Cluster 4 contains larger number of outlier samples with 
extremely high Mn content. Both clusters have similar spatial distribution especially in 
the floodplains of River Kitinen and in the eastern parts of the study area (Figure 4). 








Figure 4. K-means clustering results. Top: Cluster 1 (ultramafic rocks). Bottom left: Cluster 2 (felsic rocks). 
Bottom right: Cluster 3 in green and Cluster 4 in blue (organic material). 
 
5.4.3 Identification of the mineralized samples 
 
Another approach to k-means clustering was to classify those samples that were most 
likely to be linked to mineralization. The analysis included both targeting till 




was again decided with the help of hierarchical clustering. The best results were 
obtained with 3 clusters (Table 7). However, the cluster size was uneven and 
examination of the ANOVA table showed that Cu, Zn and Mn had all low significance 
in the formation of clusters. The grouping of elements was somewhat different 
compared to the previous phase, where outliers had been removed for the determination 
of cluster centers. This was mostly caused by the fact that one of the clusters was 
formed around the samples from the Sakatti deposit. All 18 samples from Sakatti target 
belonged to this cluster. In following chapters, the clusters used to detect mineralized 
samples will be referred as Cluster 1M—3M to avoid confusion with the results of first 
cluster analysis. 
 
Table 7. K-means clustering results for targeting till geochemistry and Sakatti deposit datasets, when the 
outlier values were not removed prior to analysis. 
 
 Name N Elements with high concentration 
Cluster 1M Felsic rocks 1162 Ti, V, Na, K, Ca, (Cu) 
Cluster 2M Organic material and 
hydroxides 545 Fe, Zn, (Mn) 
Cluster 3M Ultramafic rocks 66 Mg, Ni, Cr, Co, Mn 
 
The spatial distribution of Cluster 3M is shown in Figure 5. The samples from Sakatti 
deposit are not on the map. All the targeting till geochemistry samples belonging to 
Cluster 3M were from weathered bedrock or till. As the k-means clustering method is 
not intended to be used with data that contains outliers, these results must be treated 
with caution (e.g. Norušis 2012). However, bearing the weaknesses of the method in 
mind, these clustering results can be used as an additional tool for evaluating the 






Figure 5. K-means clustering results for Cluster 3M when both targeting till geochemistry data and Sakatti 
deposit data is used. Only targeting till geochemistry samples are shown. Wb stands for weathered 
bedrock. 
 
5.5 Element ratios 
 
The Sakatti target is known to have an unusually low Ni:Cu ratio compared to other Ni-
Cu deposits globally (Brownscombe et al. 2015). The element ratios of Sakatti ore vary 
between different parts of the deposit. In the 11 out of 16 samples from the peridotite 
unit the Ni:Cu ratios ranged from 0.3 to 138, Ni:Co ratios were 14—25 and Ni:Cr ratios 
0.3—0.7. [(Ni:Cr) x (Cu:Zn)], also known as Kambalda ratio, ranged from 0.2 to 104. 
Considering all 16 samples, typical element ratios were Ni:Cu 0.3—17, Ni:Co 14—25, 
Ni:Cr 0.3—0.7 and Kambalda 0.3—5. Kambalda ratio showed most variation, with the 
highest ratio observed in the altered ultramafic rock where it was 213. The variability is 
explained by the fact that samples with high nickel content usually had low copper 




high. Due to these reasons, determining the typical Kambalda ratio for the deposit 
turned out to be problematic. 
 
The targeting till geochemistry data was examined by using the element ratios observed 
in the Sakatti ore. Till samples with similar element ratios were chosen by SQL queries 
and visualized on a map (Figure 6). Kambalda ratio was left out of the queries. The 
results show that there are 115 samples with similar geochemical composition to Sakatti 
deposit. Near the ore bodies these samples are found from depths of > 7.5 meters, but 
the depth becomes shallower with distance from the ore deposit. The indicated dispersal 
train is distributed in wide area. 
 
 
Figure 6. Targeting till geochemistry samples with element ratios similar to Sakatti ore (Ni:Cu < 17, Ni:Co 





Nearly all the samples with element ratios similar to Sakatti deposit belonged to Cluster 
1 and had PCA 1 factor loadings > 0.5, with most samples having factor loadings > 1. 
The selected samples also included all till samples that belonged in Cluster 3M of the 
second cluster analysis. These results encouraged to find out of how clearly principal 
component analysis and k-means clustering could point out the mineralized samples. 
The idea was to select the most potential samples using results from previous analyses 
and calculate their typical element ratios. These results would then be compared to 
results from Sakatti to see how accurately they matched. The use of element ratios from 
Sakatti ore had already shown that almost all selected samples belonged to Cluster 1 
and had high PCA 1 factor loadings. However, there were 280 targeting till 
geochemistry samples fulfilling these terms and it was unlikely that all of them were 
linked to mineralization. 
Thus, the samples were selected for this analysis using following terms: 
 
1) Sample belongs to Cluster 1 (high Ni, Mg, Cr and Co content) 
2) Sample has PCA 1 factor loading of  > 1, as this group contained all the samples with 
over 1000 ppm Ni 
3) Sample media is till 
 
There were 145 samples that filled all these conditions. The typical element ratios for 
these samples were Ni:Cu 0.3—17,  Ni:Co 12—28, Ni:Cr 0.3—0.7 and [(Ni:Cr) x 
(Cu:Zn)] 0.3—5. The ratios are almost identical to those observed in the Sakatti ore. 
 
With a more exact definition of the Ni:Cu ore, the amount of samples potentially linked 
to mineralization could have been reduced. However, the data from Sakatti deposit 
reveals that the Ni.Cu ratio varies significantly and thus more accurate interpretations 
cannot be made using these datasets. The ratios for Ni:Co and Ni:Cr remain consistent 










5.6 Self-organizing map 
 
5.6.1 Data preparation 
 
As the used SOM algorithm would not allow missing values and zero values could 
distort the results, certain preparations were required prior to the analysis. While it 
might have been possible to develop the algorithm so that it could handle missing or 
zero values, a closer examination of the data revealed that the removal of the 
problematic samples would not significantly affect the size or the quality of the data. 
According to the results of previous methods, the samples with missing or zero values 
were mostly linked to felsic rocks or organic material. Thus, the targeting till 
geochemistry dataset was trimmed to remove all the samples that contained missing or 
zero values. The Sakatti deposit data did not need trimming. After data preparation, 
there were 1754 targeting till geochemistry samples and 18 Sakatti deposit samples that 




Several versions of the self-organizing maps were constructed based on different 
modifications of data. The simplest maps were constructed solely from the element 
concentration data. The test rounds revealed that the results did not significantly change 
between using all sample media and only till samples. The indicated element 
associations were mainly similar to the principal component analysis or clustering 
results (Figure 7). The most promising group of samples had high concentrations of 
nickel, magnesium, chromium and cobalt. Interestingly, also samples with high copper 
content belonged to this group. 
 
Samples with high iron and manganese concentrations formed another distinct group. 
They also tended to have moderately high zinc concentrations. Titanium and vanadium 
were abundant in most samples apart from those with high Ni, Mg, Cr and Co content. 
They were linked to high concentrations of Na, K and Zn. Calcium was the most 






Figure 7. Self-organizing map results for all sample media using both datasets. Top left map shows all 
elements. The element concentrations have been normalized between 0 and 1.  
 
The results from the first two variations of SOM encouraged to test and develop a more 
advanced algorithm for detecting the mineralized samples. Different constructions were 
tested using sediment type, sampling location and depth along with the element 
concentrations. Tests were also made using different weights for the parameters to get 
the optimal results. The Sakatti deposit data was intended to be used to train the 
algorithm to recognize the most potential samples. 
 
Despite several attempts to overcome the limitations of the targeting till geochemistry 
data, self-organizing maps turned out to be the most sensitive method to the simplicity 
of the data. Even though a more advanced algorithm could be developed, it did not 
provide reliable interpretations. The method would have significantly benefited from 
the information of the stratigraphical settings as well as more detailed description of the 
sediment types. With the available data, best results were obtained by using only 






6.1 Classification of the geochemical anomalies 
 
Initial examination of the spatial distribution of elements revealed that samples with 
elevated nickel concentration were scattered over the study area. This was expected, as 
the industrial emissions from the Kola Peninsula have resulted in elevated nickel 
content in surficial deposits across Northern Finland (e.g. Pulkkinen 1983). Another 
explanation for the high overall nickel concentrations in the study area is the abundance 
of ultramafic rocks in Viiankiaapa and its surroundings. They have high Ni, Mg and Co 
content, are easily eroded, and the varying ice flow directions have spreaded the eroded 
material over large areas (Pulkkinen 1983). This problem emphasized the need to set 
reasonable threshold limits and classify the anomalies to reduce them to manageable 
level. 
 
6.1.1 Anomaly thresholds 
 
A number of different approaches can be used to define the anomaly thresholds of the 
data. Pulkkinen (1983) defined the anomaly thresholds by cumulative frequencies and 
treated values exceeding the 95th percentile as anomalous. The anomaly thresholds for 
till samples collected by drill were 820 ppm for nickel and 185 ppm for copper. For 
samples taken by auger, the thresholds were 620 ppm Ni and 110 ppm Cu. Pulkkinen 
(1983) examined different sampling methods separately, as he noticed that samples 
taken with auger tended to have lower element concentrations than those obtained with 
percussion drill. While the thresholds by Pulkkinen (1983) helped to highlight some of 
the geochemical anomalies, there were wide areas with elevated nickel concentrations, 
which resulted in overwhelming amount of anomalies. 
 
In this study, the used anomaly threshold is 2 standard deviations from the mean value 
of the element. The validity of the threshold was verified with the help of P-P plots. An 
examination of normality curves proposed mostly similar anomaly thresholds to those 
obtained by using 2 standard deviations. With the help of SQL queries, the data was 
easy to divide by sample media to form groups with separate anomaly thresholds. 




to sample media, as overall concentrations may vary significantly between different soil 
types and using one threshold for all data might lead to certain anomalies being ignored 
(Harris et al. 2001). 
 
The results from multivariate methods also helped to define the anomalies. For the 
principal component analysis results, the optimal threshold was usually PCA 1 factor 
loading > 1. K-means clustering results could be used both for classifying the samples 
according to their assigned cluster and by comparing their Euclidean distances from the 
cluster centers. The distances were used together with other anomaly thresholds and 
usually samples in Cluster 1 with Euclidean distance of > 2 from the cluster center were 
considered anomalous. 
 
6.1.2 Nickel anomalies 
 
Samples with elevated nickel content were found throughout the study area. The results 
from correlations, principal component analysis and k-means clustering suggest that the 
most promising nickel anomalies are linked to elevated concentrations of magnesium, 
chromium and cobalt. Strong correlation between these elements has also been observed 
in prior studies (Aarnisalo 1990, Santaguida et al. 2015). Both komatiites and picrites 
contain over 18 w% MgO (Brownscombe et al. 2015, Konnunaho 2016, Konnunaho et 
al. 2016), which explains the high magnesium content of the anomalous samples.  
Ultramafic rocks also typically have high chromium and cobalt content (Aarnisalo 
1990, Koljonen 1992). 
 
Magnesium and chromium have strong positive correlation in the nearby Kevitsa Ni-
Cu-PGE deposit (Santaguida et al. 2015). Particularly strong link between nickel and 
chromium has also been observed in Viiankiaapa and its surroundings (Aarnisalo 1990). 
Chromite is one of the main cumulus phases in the peridotite unit in Sakatti, even 
though most of the chromite has been altered into chrome-bearing magnetite grains with 
chromite cores (Brownscombe et al. 2015). Santaguida et al. (2015) noticed that in 
Kevitsa the observed high chromium contents are mostly linked to the presence of 
clinopyroxene, except for local occurrences of chromium in magnetite as a product of 
hydrothermal alteration. In the peridotite unit of Sakatti, clinopyroxene is the most 





The samples with elevated nickel content can be classified by their associated elements. 
The most interesting samples are those that have elevated concentrations of nickel, 
magnesium, chromium and cobalt, as they are likely to be linked to ultramafic rocks. 
This helps to focus on the most potential anomalies. Another benefit is that false 
anomalies can be ruled out, as the classification shows that in the eastern parts of the 
study area, the elevated nickel concentrations are mostly linked to organic material or 
hydroxides.  
 
6.1.3 Copper anomalies 
 
Copper is the only analyzed element that did not show significant correlation with any 
other element. While it showed moderate correlation with cobalt, it formed its own 
component in principal component analysis. In k-means clustering, copper was the least 
contributing element to the formation of clusters. Even though the self-organizing map 
results grouped Cu-rich samples together with high Ni, Mg, Cr and Co concentrations, 
this classification was not supported by results from other methods. Closer examination 
of the SOM results revealed the characteristic, ambiguous behavior of copper in the 
area, as moderately elevated Cu concentrations were also observed in samples with high 
Fe, Mn, Na and Ca content. 
 
Treating the Cu-rich samples as their own group turned out to be most convenient. The 
copper anomalies in the study area are more local compared to nickel anomalies. The 
amount of samples with extremely high copper content was small, which could also be 
seen from the self-organizing maps. Experiments with different anomaly thresholds and 
the use of element ratios helped to decrease the amount of anomalies so that only the 
most potential remained. 
 
The highest copper concentrations are found from weathered bedrock. The highest 
measured copper concentration in weathered bedrock is 4170 ppm, while the 
concentrations in till only reach 2580 ppm. All the samples with highest copper content 






6.1.4 Geochemical fingerprint of the ore 
 
The Sakatti Ni-Cu-PGE deposit has exceptionally low Ni:Cu ratio compared to most of 
the other Ni-Cu sulphide deposits globally (Brownscombe et al. 2015). Similar ratios 
have been observed only in handful of magmatic Ni-Cu-PGE deposits worldwide, one 
of them being the Kevitsa Ni-Cu-PGE mineralization that is located near Sakatti 
(Santaguida et al. 2015). According to Brownscombe et al. (2015) the main ore body in 
Sakatti has Ni:Cu ratios > 1 in the deeper parts of the deposit, showing decreasing 
values with distance from the body. In the northeast ore body the Ni:Cu ratio is close to 
1, while the southwest body has Ni:Cu ratio of 2. The whole rock geochemistry data 
from the Sakatti deposit shows significant variations in the Ni:Cu ratio in different parts 
of the deposit. This is emphasized by the fact that samples with high nickel content 
rarely have high copper concentrations and vice versa, resulting in low Ni:Cu ratios in 
copper-rich parts of the deposit and high Ni:Cu ratios in parts dominated by nickel. In 
targeting till geochemistry dataset, there is only one sample showing over 1200 ppm of 
both nickel and copper. 
 
According to the Sakatti deposit data, the average element ratios for the ore are Ni:Cu 
0.3—17, Ni:Co 14—25 and Ni:Cr 0.3—0.7. Kambalda ratio, [(Ni:Cr) x (Cu:Zn)], is left 
out of the final results, because an optimal ratio could not be determined. The variability 
caused by the differences between nickel- and copper-dominated parts made the 
interpretations of the ratios unreliable. The Ni:Co ratios of Sakatti are similar to those 
observed in the nearby Kevitsa Ni-Cu deposit, where they are generally 15—25 (Hirvas 
et al. 1994). 
 
The targeting till geochemistry dataset contains 115 samples that have similar Ni:Cu, 
Ni:Co and Ni:Cr ratios to the Sakatti deposit. Near the known location of the ore, the 
element ratios are observed in depths of over 9 meters. With increasing distance from 
the deposit, the observations are made in shallower sampling depths. The examination 
of element ratios shows that the targeting till geochemistry data contains samples that 
are likely to be linked to mineralization even though they do not contain significantly 






6.3 Indications of the Sakatti deposit 
 
The results from different methods were compared to each other and combined to find 
out the samples most potentially related to mineralization (Figure 8). These 92 samples 
belong to Cluster 1, have PCA 1 factor loadings of over 1 and display element ratios 
similar to the Sakatti deposit. The subset also includes till samples of Cluster 3M. 
 
In Figure 8, the targeting till geochemistry samples that reflect the known 
mineralization have been outlined with a dashed line. These samples are found mostly 
from depths of over 9 meters. Their location in relation to known ore bodies matches 
with the older glacial flow direction, which was from northwest to southeast. A few 
samples are also found directly northeast from the deposit, indicating possibly the 
dispersal caused by the younger glacial flow in the area. 
 
  
Figure 8. Combined results of all methods. Arrows indicate glacial flow directions (older in red, younger in 




In the northern side of the study area, there are several samples with geochemical 
composition similar to Sakatti deposit. While the nickel content in these samples is 
generally around 400—550 ppm, some of the samples contain over 1000 ppm nickel. 
Most of these samples are found from depths of 6 meters or less. The origin of these 
samples cannot be reliably interpreted from the available data. While their direction in 
relation to the Sakatti deposit generally matches with the younger ice flow direction, 
they are located several kilometers from the deposit and their exact stratigraphic level is 
unknown. The results of a glacial transport study in the nearby Kevitsa area suggest that 
the maximum transport distances of the eroded material are usually 1—4 kilometers 
(Hirvas et al. 1994). 
 
In the north, there is one spatially small and well-defined anomaly that is first 
encountered in 9 meters and extends to depths of over 12 meters. This anomaly contains 
over 900 ppm nickel. It shows high PCA 1 factor loading, belongs to Cluster 1 and its 
element ratios match the geochemical fingerprint of the Sakatti deposit, even though it 
is located several kilometers from the known ore bodies. The anomaly also belongs to 
Cluster 3M from the second cluster analysis, indicating potential mineralization. 
Interestingly, the anomaly is detected from only one observation point, with the samples 
from adjacent points showing low nickel content and clearly different element ratios. 
 
6.4 Depth zones 
 
The combined results of all methods suggest that the study area can be roughly divided 
into three distinct depth zones. These zones represent lower till (depth > 7.5 m), 
anomalous zone (6.0—7.5 m) and upper till (< 6.0 m). The zones show significant 
differences in their nickel content and abundance of different clusters and PCA factors. 
In following text, the label anomalous sample will be used to describe samples that 
were selected using the results from all methods. These samples have the highest 
potential to indicate mineralization. 
 
6.4.1 Lower till (depth > 7.5 m) 
 
The highest nickel concentrations of the study area are found below 7.5 meters. The 




collected close to the ore bodies. The sampling depth is mostly 9 meters or deeper, with 
the deepest samples collected from over 12 meters. As the thickness of the sediment 
package is 10—14 meters (Åberg et al. 2016), these samples have been collected close 
to the bedrock surface. This implies short transport distance, because when eroded till is 
transported away from its bedrock source, it tends to form a gently sloping plume that 
gradually rises towards the surface of the glacial overburden (e.g. McMartin & 
McClenaghan 2001). This is caused by the continuous glacial erosion of the underlying 
bedrock. 
 
Anomalous samples are also found from the western side of River Kitinen, circa 1 
kilometer west from the deposit. These samples are recovered from depths of over 15 
meters from a preglacial trench that has been buried underneath surficial deposits 
(Åberg et al. 2016). The age of the deposits cannot be determined from the available 
data. 
 
6.4.2 Anomalous depth zone (6.0—7.5 m) 
 
The multivariate analysis results from different depths reveal a significant drop in the 
PCA1 factor loadings and the occurrence of Cluster 1 at depths of 6.0—7.5 meters. The 
change is observed throughout the study area. Even though this depth zone contains 
elevated nickel concentrations, the highest measured concentrations are generally below 
500 ppm and few of them are linked to ultramafic rocks. There are a few samples with 
element ratios similar to Sakatti deposit. These samples are found east or northeast from 
the deposit. Most of the anomalous nickel values in the anomalous zone are linked to 
organic material. Interpretations of this zone would benefit from a more detailed 
description of the sample media, as the classification in the targeting till geochemistry 
only gives general information. The most common sample media are till and sand, with 
a few samples from weathered bedrock and several samples for which the sample 
medium is not defined. 
 
Some of the highest copper concentrations in the area are found from the anomalous 
depth zone. There are four samples with significantly high copper concentration (1040–




weathered bedrock and the only till sample is collected directly on top of Cu-rich 
weathered bedrock.  
 
The anomalous zone shows distinctive vertical limits. Both the underlying and 
overlying layers contain significant amount of samples linked to ultramafic rocks. 
Considering that the zone is located between till units and indications that it is linked to 
organic and oxidized material, it might represent deposits from ice-free events between 
glaciations. 
 
6.4.3 Upper till (depth < 6.0 m) 
 
The anomalous samples in upper till form a northwest-southeast oriented dispersal train 
between depths of 1.9–6 meters. The highest nickel concentrations are found from 
depths of 2—4.5 meters, while the highest observed copper concentrations focus on the 
depths of 1.9—3.0 meters. There is a significant variance in the nickel concentrations 
between different depths. This is likely to indicate separate till layers. The depth 
profiles may show over 750 ppm difference in nickel content between samples collected 
with 50 cm interval from same observation point. 
 
Near to the surface, the anomalous samples are scattered over a large area. The peat 
layers of Viiankiaapa are generally 1 meter thick, with layers up to 3—4 meters thick in 
the eastern side of the study area (Åberg et al. 2016). In general, the anomalous samples 
from depth of < 2 meters are located up to 10 kilometers from the Sakatti deposit. 
 
6.5 Other contributors to the Ni and Cu distribution 
 
6.5.1 Fluvial processes 
 
Recent studies have revealed that there is a preglacial trench on the western side of 
River Kitinen (Åberg et al. 2016). The results suggest that material eroded from the 
Sakatti deposit might have been accumulated in the trench, but reliable interpretations 
or estimations of the dating cannot be made from the available data. However, the 






In the eastern part of the study area, there is a north-south oriented zone of organic 
material observed in depths of < 3.5 meters. It is considered to be a channel of a former 
river (Åberg et al. 2016). This zone is especially rich in iron, manganese and zinc, 
which tend to form organic complexes (e.g. Heikkinen 2000). While the peat layer in 
Viiankiaapa is generally 1 meter thick, in eastern parts it reaches 3—4 meter thickness 
(Åberg et al. 2016). The elevated nickel concentrations near the surface in the eastern 
parts of Viiankiaapa are mostly linked to organic material. It is likely that nickel in 




Ultramafic rocks are soft and easily eroded. Pulkkinen (1983) interpreted that the 
ultramafic rocks in Sattasvaara, Vanttioselkä and Vanttioaapa, located northwest from 
Viiankiaapa, were the origin of the observed nickel anomalies. However, he also noted 
that geochemical anomalies caused by mineralizations could easily be concealed in the 
overall high concentrations of certain elements. This has probably been one of the main 
reasons why Sakatti was not recognized in the earlier studies, as the tools for classifying 
the geochemical anomalies have been more limited. 
 
6.6 Uncertainties of the interpretations 
  
One limitation of the interpretations is that the exact lithofacies of the till samples was 
not recorded. Pulkkinen (1983) noted that sandy tills dominate in map sheet 3714. 
Hirvas et al. (1977) noticed that till samples containing high amount of weathered 
bedrock had higher metal concentrations. A general term weathered bedrock till is used 
to describe tills composed mostly of local weathered bedrock material (Hirvas 1991). 
The origin of geochemical anomalies in these tills is often found within short distance. 
This classification would have been useful in the interpretations made in Viiankiaapa. 
The metal concentrations in Viiankiaapa area are generally higher in weathered bedrock 
compared to till. There are a few cases where the metal concentration of till reflects the 
content of underlying weathered bedrock. In these cases it is likely that weathered 





The geochemical anomalies observed in tills of Viiankiaapa are often thin and display 
sharp vertical limits. They are likely to represent different till layers, as the chemical 
and physical properties of till layers may vary significantly even within the same till 
unit (Hirvas 1991).  There are also certain indications of the change of till units, but 
their exact boundaries cannot be reliably determined from the available data. While the 
recent stratigraphical interpretations can be used for general classification between 
different till units, the precise level of a singular sample cannot be determined. This 
limits the interpretations of the geochemical anomalies. If the targeting till geochemistry 
data contained information of stratigraphy, a more sophisticated self-organizing map 
algorithm could have been trained to consider the stratigraphical levels. This could have 
been used for a more exact detection of mineralized samples. 
 
Even though the number of geochemical anomalies could be effectively reduced by 
combining results from different methods, there remains questions that cannot be 
answered using available data. In the northern side of the study area, anomalous 
samples are abundant in the depths of 6 meters or less. There is one small, distinct 
anomaly extending to depths of over 12 meters. The results from this study suggest that 
it is linked to ultramafic rocks and contains element ratios similar to the known Sakatti 
ore bodies. However, more research from the area would be needed to explain the 
anomaly. 
 
6.7 Evaluation of the used methods 
 
The computational methods used in this study provided generally good results, showing 
clear indications of the Sakatti deposit in the targeting till geochemistry dataset. GIS 
was used both for comparing the results of different analyses and for visualizing the 
final results as maps. The weakness of a singular method could be overcome by using 
several computational methods and by comparing their results. While the results were 
not identical, they all pointed out a subset of the promising samples that remained 
consistent in all analyses. The small discrepancies between results from different 
methods helped to smooth out the uncertainties. Certain limitations in the data handling 





All the methods were applied first for the targeting till geochemistry data and then for 
combined data including the Sakatti deposit data. Both datasets yielded similar results, 
with the Sakatti deposit data slightly amplifying the results for the group that contained 
ultramafic rocks. One of the most intriguing results was the determination of element 
ratios by using only PCA and clustering results of the targeting till geochemistry 
dataset. When the most potential till samples were selected from the results, their 
calculated element ratios were almost identical to those observed in the Sakatti deposit. 
This shows that similar results could have been obtained also without the data from the 
known deposit. 
 
Principal component analysis proved out to be highly useful method in the handling of 
the targeting till geochemistry data. It effectively reduced the amount of nickel 
anomalies to a more manageable level and helped to point out the samples that were 
most likely to reflect mineralization. Principal component analysis was the most useful 
method on its own. However, while it is extremely useful in grouping elements and 
pointing out the potentially mineralized samples, it tends to highlight the samples that 
have significantly high element concentrations. At the same time, those samples that 
potentially indicate the mineralization but have a more moderate metal contents, might 
be concealed. 
 
K-means clustering is sensitive to outliers, which made it a problematic method for 
handling the targeting till geochemistry data. In this study, the highest nickel and copper 
concentrations were the most interesting values, so data trimming was not a 
straightforward solution. For a general classification of different rock types, the k-
means clustering was applied for data where the outliers had been removed.  To find out 
the potentially mineralized samples, the weakness of k-means clustering was turned into 
advantage by using a different approach. Cluster centers tend to form around outlier 
values, so this time k-means clustering was applied for untrimmed dataset including the 
Sakatti deposit data. A small cluster formed around the samples with high nickel 
concentration. This group of samples could then be used to highlight potentially 
mineralized samples. 
 
Element ratios helped to highlight samples that had similar geochemical composition to 




These samples could have easily been ignored by other methods that tend to highlight 
the extreme values. In the study area, simple element ratios gave the most useful results. 
The optimal ratios for Ni:Cu, Ni:Co and Ni:Cr could be determined also by combining 
the results of multivariate statistical methods. [(Ni:Cr) x (Cu:Zn)], also known as 
Kambalda ratio, did not work in the Sakatti area. The Kambalda ratios from the Sakatti 
deposit data were not consistent and the most useful ratios could not be defined. 
 
Self-organizing maps were the most sensitive method for limitations of the data. With 
more detailed data, the algorithm could have been trained to recognize potentially 
mineralized samples. As the targeting till geochemistry data only contains element 
concentrations, sampling depth and general information about the sample media, the 
possibilities for the use of self-organizing maps were limited. For datasets that include 
information about stratigraphic level and more detailed description of the sample media, 
SOM could be an extremely useful method. It could also work well for combining 




The targeting till geochemistry dataset contains clear indications of the Sakatti target. 
There are several nickel-rich till samples that reflect the geochemical composition of the 
known ore bodies. The geochemical anomalies in the northern parts of the study area 
could not be explained using the available data. Most of these anomalies were observed 
in the upper till, except for one, clearly defined anomaly that was encountered in lower 
till at depth of 9–12.5 meters. More research on the northern side of the study area 
would be needed to interpret these anomalies. 
 
The nickel concentrations in the study area are generally elevated, resulting in an 
overwhelming number of initial nickel anomalies. In the earlier research from the area, 
the data handling methods have been more limited and the abundance of the Ni-rich 
media has concealed the small anomalies caused by the Sakatti mineralization. In this 
study, multivariate statistical methods and self-organizing maps were used to reduce the 
number of anomalies by dividing the element into groups. This proved out to be an 
effective method to classify the anomalies and focus on the anomalies that were linked 




copper did not significantly correlate with any other element. Compared to nickel 
anomalies, the copper anomalies were more local and there were only a few anomalies 
with extremely high values. Suitable copper anomaly thresholds were selected using 
standard deviations and p-p -plots. This proved out to be sufficient to classify and 
interpret the copper anomalies. 
 
Most of the used computational methods proved out to be suitable for handling the 
targeting till geochemistry data. Principal component analysis, k-means clustering and 
element ratios formed an interestingly useful combination that exposed the most 
potential samples. Self-organizing map was the only method that was negatively 
affected by the simplicity of the used data. It would be more beneficial for datasets 
containing detailed geological information or for combining different datasets. The 
strength of the modern software is that the data can conveniently be analyzed with 
several methods. The results can then be compared and combined. While the results 
from different methods were not identical, all of them pointed out a consistent subset of 
promising samples. 
 
The results show that the targeting till geochemistry data contains valuable information 
that is easily accessible with modern data-handling methods. During earlier research of 
the Viiankiaapa area, the possibilities for processing large datasets were more limited. 
This has undoubtedly been one of the main reasons why the Sakatti deposit was not 
initially recognized. Modern methods open up new possibilities to exploit the targeting 
till geochemistry data. Even with its limitations, especially the lack of information about 
stratigraphy, the dataset can provide useful results. In this study, the results from a 
different stratigraphic study were used to compensate the limitations of the till 
geochemistry data. The targeting till geochemistry data could be beneficial in future ore 
prospection surveys elsewhere. The results from Viiankiaapa area show that the data 
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10. Appendix I: One-variable statistics for all elements 
 
  Mg (%) Ni (ppm) Cr (ppm) Co (ppm) Cu (ppm) Pb (ppm) Zn (ppm) 
Mean 2,74 305 633 31 121 25 19 
Median 2,49 244 566 29 95 25 12 
Std. Deviation 1,32 259 453 12 199 11 32 
Minimum 0 0 0 0 0 0 0 
Maximum 12,20 2790 5860 156 4170 374 635 
Skewness 2,82 4,22 4,27 3,52 11,16 18,32 9,20 
Std. Error of 
Skewness 0,06 0,06 0,06 0,06 0,06 0,06 0,06 
Kurtosis 13,02 25,96 27,90 25,17 164,44 537,04 138,55 
Std. Error of 
Kurtosis 0,11 0,11 0,11 0,11 0,11 0,11 0,11 
Range 12,20 2790 5860 156 4170 374 635 
Percentiles 25 1,98 179 414 24 73 22 9 
50 2,49 244 566 29 95 25 12 
75 3,17 346 727 34 120 28 16 
 
 
  Ca (%) Na (%) K (%) Fe (%) Mn (ppm) Ti (ppm) V (ppm) 
Mean 1,35 2,33 0,90 6,74 962 7002 441 
Median 1,19 2,03 0,72 5,85 830 7110 445 
Std. Deviation 1,27 1,50 0,89 3,46 501 2045 138 
Minimum 0 0 0 0 0 0 0 
Maximum 26,80 12,70 9,63 34,50 4590 16500 1220 
Skewness 9,43 1,76 4,46 2,02 2,74 -0,14 0,09 
Std. Error of 
Skewness 0,06 0,06 0,06 0,06 0,06 0,06 0,06 
Kurtosis 141,31 5,29 28,26 7,48 13,19 0,46 1,09 
Std. Error of 
Kurtosis 0,11 0,11 0,11 0,11 0,11 0,11 0,11 
Range 26,80 12,70 9,63 34,50 4590 16500 1220 
Percentiles 25 0,82 1,36 0,46 4,59 664 5750 352 
50 1,19 2,03 0,72 5,85 830 7110 445 
75 1,61 2,92 1,02 7,98 1120 8300 527 
 
 
